Introduction
============

Renal cell carcinoma (RCC) originates from renal parenchyma and is the most common primary renal tumor. It accounts for more than 90% of the cases. RCC incidence rates vary from region to region. In particular, RCC incidence rates in Europe and North America are high, whereas those Asia and South America are low. Furthermore, RCC incidence rate can be as high as 15.3 per 100,000 population (Czech Republic) to 2.8-5.8 per 100,000 population (Asian country). Men are twofold more prone to develop kidney cancer than women worldwide [@B1]. According to the National Cancer Institute (NCI) Surveillance, Epidemiology, and End Results (SEER) registry (2003-2007), RCC occurs predominantly in the sixth to eighth decade of life, with a median age at diagnosis of around 64 years, and more than 16% of patients with kidney cancer present metastatic diseases at diagnosis because of their silent clinical course [@B2]-[@B4]. Surgical treatment is the main treatment for localized kidney tumor, while medical therapies are commonly suggested for advanced RCC. However, unresectable or metastatic RCC generally presents poor prognosis. The 5-year survival rate in RCC patients with tumour, node and metastasis (TNM) stage IV is approximately 20% [@B5]. Poor prognosis may be related to the inert response of metastatic RCC to medical therapy.

Metastasis, which involves several processes, including extracellular matrix (ECM) degradation and remodeling, is the leading cause of cancer death [@B6]. Numerous proteinases involved in the interaction between ECM and cancer cells include matrix metalloproteinases (MMPs), tissue inhibitor metalloproteinase proteins (TIMPs), and urokinase plasminogen activator. Considerable efforts have been devoted to elucidate the mechanisms underlying tumor invasion and metastasis, in which gelatinases (MMP-2 and MMP-9) are vital factors [@B7]. Several studies indicated that MMP-2 and MMP-9 overexpression can correlate to cancer metastasis in oral cancer [@B8], breast cancer [@B9], lung cancer [@B10], prostate cancer [@B11], and kidney cancer [@B12]. Moreover, MMP-2 level is considered as a predictor of tumor recurrence and prognosis [@B13].

Kaempferol is a natural phytochemical belonging to the flavonoid group. As indicated by several documented works, these polyphenolic compounds, especially kaempferol, possess anticancer properties apart from their antioxidative effects [@B14], [@B15]. Previous studies showed that kaempferol can inhibit cancer cell invasion and migration in various human cancer cell lines, such as nonsmall cell lung cancer [@B16], breast cancer [@B17], oral cavity cancer [@B18], medulloblastoma [@B19], colon cancer [@B20], and leukemia [@B21]. Furthermore, kaempferol exerts an apoptotic effect by inactivating Akt in human leukemia cells [@B22], whereas caspase-dependent apoptosis was noted in oral cavity cancer cells [@B23]. Apart from its extensive pharmacological benefits, kaempferol is well tolerated and mostly free of toxicity. Thus, the present study investigated the molecular mechanisms underlying the effect of kaempferol on the invasion and migration of RCC 786-O cell *in vitro* and *in vivo*.

Materials and Methods
=====================

Cell Culture and Kaempferol Treatment
-------------------------------------

786-O (a human renal cell adenocarcinoma) and human kidney-2 (HK-2; a human proximal tubule epithelial cell line) cells were obtained from the Bioresource Collection and Research Center (Hsinchu, Taiwan). The 786-O cells were cultured in an RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS), 2 mM of *L*-glutamine, 100 units/mL of penicillin, and 100 μg/mL of streptomycin; HK-2 was cultured in 1:1 mixture of DMEM and Ham\'s F12 medium containing 10% fetal bovine serum. All the cell cultures were maintained at 37 °C in a humidified 5% CO~2~atmosphere. For kaempferol treatment, adequate amounts of stock solution (0.1 M in dimethyl sulfoxide) of kaempferol were added into the culture medium to achieve the indicated concentrations. The resulting solutions were then incubated with the cells at indicated time periods. Dimethyl sulfoxide solution without kaempferol was used as blank reagent.

Determination of Cell Viability (Microculture tetrazolium (MTT) Assay)
----------------------------------------------------------------------

To determine the cytotoxicity of kaempferol, we performed a microculture tetrazolium (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide) colorimetric assay to evaluate cell viability. 786-O and HK-2 cells were seeded in 24-well plates at a density of 3 × 10^4^ cells/well and treated with kaempferol at concentrations ranging from 0 μM to 100 μM at 37 °C for 24 h. After the exposure period, the media were removed, and the cells were washed with phosphate buffered saline and incubated with MTT (5 mg/mL) for 4 h. The viable cell number per dish is directly proportional to the production of formazan and can be measured by a Hitachi U-1900 spectrophotometer at 563 nm after the solubilization with isopropanol [@B12].

Cell Migration and Invasion Assays
----------------------------------

First, RCC 786-O cells were treated with different concentrations of kaempferol (0, 25, 50, 75, and 100 μM) for 24 h. The surviving cells were harvested and seeded in a Boyden chamber (Neuro Probe, Cabin John, MD, USA) at 1.5×10^4^/well in a serum-free medium and then incubated for 6 h at 37 °C. For the invasion assay, 100 μg/cm^2^ of Matrigel (25 mg/50 mL; BD Biosciences, MA, USA) was applied to the cellulose nitrate filters with a standard medium covering the bottom chamber. Filters were then air-dried for 5 h in a laminar flow. The invaded cells were fixed with 100% methanol and stained with 5% Giemsa. Cell numbers were counted under a light microscope (×100). Migration assay was performed as described in the invasion assay without Matrigel coating [@B12].

Wound healing assay
-------------------

We determined whether kaempferol could alter the migration of 786-O cells. A wound closure seeding model was constructed using silicon culture inserts (Ibidi, Munchen, Germany) with two individual wells for cell seeding. Each insert was placed in a culture dish, and 1.5×10^4^ cells of 786-O were plated in each well and grown to form a confluent and homogeneous layer. Twenty-four hours after cell seeding, the culture insert was removed and a cell-free area, the wound made by the culture insert, could be observed. The cells were incubated with RPMI containing 0.5% FBS, and treated with different concentrations of kaempferol for 0, 6, and 24 h. Cells were photographed using a phase-contrast microscope (×40).

Determination of MMP-2 by zymography
------------------------------------

Cells were seeded onto 24-well plates at a density of 3×10^4^ cells/well and treated with kaempferol for 24 h. After indicated treatments, the conditioned media were collected, centrifuged to remove any cellular contaminants and stored at -80℃ until use. Collected media were prepared with sodium dodecyl sulphate (SDS) sample buffer without boiling or reduction and subjected to gelatin zymography analysis to determine the MMPs. Collected media were subjected to 0.1% gelatin-8% SDS polyacrylamide gel electrophoresis to determine the MMPs. The gels were washed with 2.5% Triton X-100 after electrophoresis and incubated in reaction buffer. The gel was then stained with Coomassie brilliant blue R-250.

Western Blot Analysis
---------------------

786-O cells were seeded onto 10-cm dishes at a density of 6×10^5^ cells and treated with kaempferol at a concentration of 0-100 μM at 37℃ for 24 h. Cell lysates were separated in a 10% polyacrylamide gel and transferred onto a nitrocellulose membrane. The blot was then incubated with standard blocking buffer for 1 h to block nonspecific binding and subsequently incubated with polyclonal antibodies against extracellular signal-regulated protein kinases 1 and 2 (ERK1/2), p-ERK1/2 (Thr185/Tyr187), Akt, p-Akt (Ser473) (Invitrogen Corporation, Carlsbad, CA), focal adhesion kinase (FAK) (Cell Singling Technology, Inc., Danvers, MA) and monoclonal antibodies against p-FAK (Tyr397), phosphatidylinositol 3-kinase (PI3K) (BD Biosciences, Fairleigh, NJ) and MMP-2 (millipore, CA). The signal was detected by enhanced chemiluminescence and quantified using a densitometer (AlphaImager 2000, Alpha Innotech Corporation, San Leandro, CA, USA).

Measurement of Tumor Metastasis in SCID Mice
--------------------------------------------

5-6 weeks old severe combined immunodeficient (SCID) mice (C.B17/Icr*Prkdc*^scid^/CrlNarl) weighing 20-23 g were used. The mice were housed with a regular 12-h light/12-h dark cycle and *ad libitum* access to standard rodent chow diet (Laboratory Rodent Diet 5001, LabDiet, St. Louis, MO), and kept in a pathogen-free environment at the Laboratory Animal Unit. RCC 786-O cells (1×10^6^/0.1 mL/mouse) were injected into SCID mice via their tail veins. After implantation, the mice were randomly divided into three groups (*N*= 3 for each group) and fed with oral gavage with placebo (saline, control group) and kaempferol (2 and 10 mg/kg/day) suspended in saline. After 150 days, the animals were euthanized with CO~2~, and the lungs were weighed and examined microscopically with hematoxylin and eosin stain (×200) [@B24].

Statistical Analysis
--------------------

One-way analysis of variance (Sigma-Stat 2.0, Jandel Scientific, San Rafael, CA USA) was used to test the statistical significances of the diffenrences throughout this study. A difference with *P* of \<0.05 is considered statistically significant.

Results
=======

Effects of Kaempferol on RCC 786-O Cell Viability
-------------------------------------------------

Various concentrations of kaempferol (0, 25, 50, 75, and 100 μM) did not exert significant cytotoxic effects on the RCC 786-O cells. Data from microculture tetrazolium assay (Figure [1](#F1){ref-type="fig"}A) reveal that the cell numbers of RCC 786-O cells in the presence of 25, 50, 75, and 100 μM kaempferol were not significantly different from those of the control group (0 μM). Using the same procedures, we found that this compound did not exert any significant cytotoxicity on nonmalignant human proximal tubule epithelial HK-2 cells (Figure [1](#F1){ref-type="fig"}B).

Effects of Kaempferol on RCC 786-O Cell Invasion and Migration
--------------------------------------------------------------

Through cell migration and invasion assay in a 48-well Boyden chamber, the RCC 786-O cells were treated with different concentrations of kaempferol for 24 h. The results show that kaempferol significantly decreased the invasion and migration of RCC 786-O cells (Figure [2](#F2){ref-type="fig"}A). The results from the wound healing assay show that kaempferol significantly attenuated cell migration dose-dependently in 786-O cells (Figure [2](#F2){ref-type="fig"}B).

Effects of Kaempferol on the Expression and Activity of MMP-2 in RCC 786-O Cells
--------------------------------------------------------------------------------

To verify the essential role of MMP-2 in cell migration inhibition, we examined MMP-2 protein expression in kaempferol-treated and control RCC 786-O cells. Kaempferol reduced MMP-2 expression, as indicated by the Western blot assay results (Figure [3](#F3){ref-type="fig"}A). To clarify whether the activities of MMP-2 was involved in inhibiting the invasion of 786-O cells by kaempferol, the effects of kaempferol on MMP-2 activity was investigated by gelatin zymography. Kaempferol reduced the activity of MMP-2 by 69.6% (Figure [3](#F3){ref-type="fig"}B).

Effects of Kaempferol on PI3K/Akt and mitogen-activated protein kinase (MAPK) Pathways
--------------------------------------------------------------------------------------

For further clarifying the possible underlying mechanisms of inhibition of MMP-2 by kaempferol, the effects of kaempferol on PI3K/Akt and MAPK pathways were examined by Western blot analysis. Results show that a dose-dependent inhibition effect of phosphorylation of Akt in kaempferol-treated RCC 786-O cells (Figure [4](#F4){ref-type="fig"}A). However, the phosphorylation of ERK1/2 was not significantly inhibited by kaempferol in our results (Figure [4](#F4){ref-type="fig"}B). Therefore, the inhibition of PI3K/Akt pathway by kaempferol may result in the reduced activity of MMP-2 and tumor invasion.

Effects of Kaempferol on FAK Activation
---------------------------------------

We investigated the molecular regulation of cell migration by kaempferol through Western blot. We then examined the variation in FAK levels in these cells by using antibodies directed against the FAK phosphorylation site Tyr925. As illustrated in Figure [4](#F4){ref-type="fig"}B, kaempferol reduced FAK phosphorylation. On the basis of these results, we suggested that the inhibition of kaempferol on RCC 786-O cell migration may partly occur through the downregulation of FAK phosphorylation.

Effects of Kaempferol on the Tumor Metastasis of RCC 786-O cells in SCID Mice
-----------------------------------------------------------------------------

We also performed an *in vivo* antitumor metastasis study with SCID mice as models by injecting RCC 786-O cells via the tail veins of the mice. Lung tumor nodules were observed especially in the placebo group of mice after 150 days of tumor cell injection (Figure [5](#F5){ref-type="fig"}A). A significant reduction of lung weight was observed between the placebo and treatment groups (Figure [5](#F5){ref-type="fig"}B). Vehicle-treated control animals showed massive tumor growth and were given an arbitrary-maximum countable number of about 38.2 ± 9.6. The number was reduced to 4.8 ± 4.9 (10 mg/kg/day; *P* \< 0.001) countable colonies by kaempferol treatment (Figure [5](#F5){ref-type="fig"}C). Mice body weights were monitored throughout the experiment (Figure [5](#F5){ref-type="fig"}D). Histopathology of the lungs also showed that the lungs of kaempferol-treated animals had marked reduction in terms of tumor mass (Figure [5](#F5){ref-type="fig"}E). Accordingly, kaempferol can inhibit the metastasis of RCC 786-O cells in the animal model.

In summary, these findings suggested that kaempferol is able to regulated MMP-2 activity via the down-regulation of FAK-Akt pathways. Finally, kaempferol suppressed cell invasion, migration, and metastasis (Figure [6](#F6){ref-type="fig"}).

Discussion
==========

A considerable improvement in the 5-year survival rate of patients with renal cell carcinoma has been observed in the last 50 years. However, the long-term survival rate of advanced renal cell carcinoma remains extremely low [@B5], [@B25]. Metastatic disease is the leading cause of the poor outcome of advanced renal cell carcinoma. Our study illustrates that kaempferol can inhibit the metastasis of renal cell carcinoma either in the RCC 786-O cell line model or in the animal model.

First, kaempferol inhibits the migration and invasion of RCC 786-O cells. Second, MMP-2 protein expression is suppressed by kaempferol. Third, kaempferol downregulates the phosphorylation levels of Akt and FAK. Finally, the animal model of SCID mice also manifests that kaempferol can inhibit the lung metastasis of the RCC 786-O cell.

Cancer cell metastasis includes several complex processes. Among these processes, only ECM degradation may perform a fundamental role in cancer progress. In particularly, ECM degradation causes metastasis by enabling the spread of cancer cells through the blood and lymphatic vessels [@B26]. The levels of MMPs, a family of zinc-dependent ECM endopeptidases, are significantly elevated in metastatic human cancers [@B27]. Carlos reported that hyaluronan promotes cancer cell migration and increases the secretion of matrix metalloproteinase, specifically the increased active form of MMP-2 [@B28]. Several studies indicated that a high MMP-2 expression is correlated to poor prognosis in prostate cancer [@B11], bladder cancer, and breast cancer [@B29]. In addition, MMP-2 upregulation is associated with poor prognosis in RCC patients, and thus the inhibition of MMP-2 activity can suppress cancer metastasis [@B30]. Moreover, increased MMP-2 expression is more likely to present lymph node metastasis and exhibit rapid progression and poor prognosis [@B31]. In the study, the inhibition of MMP-2 expression by kaempferol may provide several preventive and therapeutic effects against RCC metastasis. However, the mechanism of MMP-2 upregulation and its signaling pathway involved in the regulation of RCC cell metastasis requires further investigation.

The role of TIMP-2 in metastasis remains ambiguous. Several studies have asserted that increased TIMP-2 levels can protect the hosts from cancer metastasis. However, several researchers have suggested that high TIMP-2 expression results in tumor recurrence. Other researchers reported that the balance between MMP-2 and TIMP-2 can perform an essential part in cancer metastasis. In our study, no significant alteration in TIMP-2 activity was observed (data not shown). Thus, the inhibition of metastasis of the RCC 786-O cells by kaempferol possibly occurred through the suppression of MMP-2 without a change in TIMP-2.

In a recent study, Jo showed that kaempferol suppresses EMT and cell migration in A549 lung cancer cells by inhibiting the Akt1-mediated phosphorylation of Smad3 [@B32]. Meanwhile, Youyou reported that kaempferol inhibits cholangiocarcinoma growth and metastasis *in vitro* and *in vivo*. This finding is related to the inactivation of PI3K/AKT pathway and downstream proteins, which are involved in proliferation, apoptosis, and invasion [@B33]. In our study, we can see that kaempferol downregulates FAK and Akt phosphorylation levels. However, no significant change was observed in the ERK and JNK/p38 expression levels (data not shown) in our study. Our results demonstrate that suppression of the phosphorylation of FAK and Akt protein and inhibition of the migration of RCC 786-O cell line are consistent with the role of FAK/PI3K/Akt in human dental pulp stem cell migration [@B34].

FAK, a protein tyrosine kinase, is overexpressed in several cancers and promotes cancer progression and metastasis [@B35]. The functions of integrins are strongly dependent on FAK activation and its downstream signaling, including the PI3K/Akt-dependent and Ras/MAPK-dependent pathways [@B36], [@B37]. Integrin β1/FAK or Akt pathways regulates MMP-2 and MMP-9 expression levels in numerous tumors [@B38], [@B39]. Furthermore, FAK protein overexpression has been reported in metastatic human colorectal, breast, thyroid, and prostate cancer cells [@B40]-[@B43]. The knockdown or deletion of FAK impairs tumor growth and the metastatic progression of mammary tumor cells [@B43]. The PI3K/Akt pathway is aberrantly activated in several types of cancers, and targeting this pathway with drug inhibitors may demonstrate improved anticancer treatment against solid and hematologic tumors [@B44].

Kaempferol can inhibit RCC 786-O cell migration and invasion partly through MMP-2 suppression, which results from the inhibition of the Akt and FAK pathways but not the MAPK pathways.

In our study, we used RCC 786-O cell and SCID mice to see the suppression effect of kaempferol on RCC 786-O cell lung metastasis. The results show that the lung mass weight in mice treated with 2 mg/kg of kaempferol had a twofold reduction compared with the lung mass weight of the mice in the placebo group (*P*\< 0.05). More than fourfold decline in lung mass weight was observed in group treated with 10 mg/kg of kaempferol (*P*\< 0.001).

In conclusion, the data from our study suggest that kaempferol can inhibit invasion and migration of RCC 786-O cell *in vitro* by downregulating MMP-2 expression through the inhibition of FAK and Akt phosphorylation levels. *In vivo*, kaempferol can exert an anti-metastatic effect on the RCC 786-O cells. Therefore, kaempferol may perform a potential role in the prevention and treatment of metastatic RCC.
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![Effects of kaempferol on cell viability of RCC cells. (A) 786-O and (B) HK-2 cells were treated with kaempferol for 24 h by MTT assay. Results were statistically evaluated through one-way ANOVA with post-hoc Dunnett\'s test. Results from three repeated and separated experiments were similar.](ijmsv14p0984g001){#F1}

![Effects of kaempferol on the cell invasion and migration of RCC cell lines. (A) 786-O cells were treated with kaempferol for 24 h by Boyden chamber invasion and migration assay. Scale bar, 100 μm. (B) The wound healing assay was conducted as described in the Materials and Methods section after 786-O cells were treated with different concentrations of kaempferol for 6 and 24 h. Scale bar, 50 μm. Results were statistically evaluated by using one-way ANOVA with post hoc Dunnett\'s test (\*: *P*\< 0.05; \*\*:*P* \< 0.01; \*\*\*: *P*\< 0.001). Results from three repeated and separated experiments were similar.](ijmsv14p0984g002){#F2}

![Inhibitory effects of kaempferol on the expression and activity of MMP-2. 786-O cells were treated with kaempferol for 24 h. (A) Western blot analysis of MMP-2 with β-actin as an internal control. (B) MMP-2 activity was analyzed by gelatin zymography. Data represent mean ± SD, with that of control being 100%, and the statistical significance of results was analyzed using one-way ANOVA with post-hoc Dunnett\'s test (\*: *P* \< 0.05; \*\*: *P* \< 0.01).](ijmsv14p0984g003){#F3}

![Effects of kaempferol on the expression levels of PI3K/Akt, ERK1/2, and FAK protein. (A) Western blot analysis of PI3K, p-Akt, and total-Akt, with β-actin as an internal control in 786-O cells after 24 h of treatment with kaempferol. (B) Western blotting with anti-p-FAK, total-FAK, p-ERK1/2, total-ERK1/2 antibodies, with anti-β-actin as an internal control. Similar results were obtained from three repeated and independent experiments. Data represent mean ± SD, with that of control being 100%, and the statistical significance of results was analyzed using one-way ANOVA with post-hoc Dunnett\'s test (\*\*: *P* \< 0.01; \*\*\*: *P* \< 0.001).](ijmsv14p0984g004){#F4}

![*In vivo* antimetastatic effects of kaempferol. 786-O cells were injected into the tail veins of six-week-old female SCID mice. After injection of cells, kaempferol (Kae, 2 and 10 mg/kg/d) and placebo (vehicle alone) were administered oral gavage for 150 days. Mice were sacrificed and then analyzed for representative photographs of (A) lungs, (B) lung weight, (C) the number of lung metastasis (D) and body weight in mice. (E) Histopathology of lung of metastatic tumor-bearing animals. Lungs of the metastasis-induced animals were fixed in neutral buffered formalin, and stained with hematoxylin and eosin. Arrows show areas of metastatic nodules (tumor). Results were statistically evaluated by using one-way ANOVA with post-hoc Dunnett\'s test (\*\*: *P* \< 0.01; \*\*\*: *P*\< 0.001).](ijmsv14p0984g005){#F5}

![Proposed molecular targets in anti-metastatic efficacy of kaempferol. Kaempferol targets FAK and Akt-mediated expression of MMP-2 and inhibits cell invasion,migration, and metastasis of 786-O cells.](ijmsv14p0984g006){#F6}
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